We have recently discovered an allosteric switch in Ras, bringing an additional level of complexity to this GTPase whose mutants are involved in nearly 30% of cancers. Upon activation of the allosteric switch, there is a shift in helix 3/loop 7 associated with a disorder to order transition in the active site. Here, we use a combination of multiple solvent crystal structures and computational solvent mapping (FTMap) to determine binding site hot spots in the "off" and "on" allosteric states of the GTP-bound form of H-Ras. Thirteen sites are revealed, expanding possible target sites for ligand binding well beyond the active site. Comparison of FTMaps for the H and K isoforms reveals essentially identical hot spots. Furthermore, using NMR measurements of spin relaxation, we determined that K-Ras exhibits global conformational dynamics very similar to those we previously reported for H-Ras. We thus hypothesize that the global conformational rearrangement serves as a mechanism for allosteric coupling between the effector interface and remote hot spots in all Ras isoforms. At least with respect to the binding sites involving the G domain, H-Ras is an excellent model for K-Ras and probably N-Ras as well. Ras has so far been elusive as a target for drug design. The present work identifies various unexplored hot spots throughout the entire surface of Ras, extending the focus from the disordered active site to well-ordered locations that should be easier to target.
Introduction
Ras proteins are monomeric GTPases that function as "molecular switches" in signal transduction pathways in the cell, where the inactive state is associated with Ras-GDP, and the active state, with Ras-GTP. 1 Ras interacts with a number of protein binding partners, such as guanine nucleotide exchange factors 2 and GTPase-activating proteins (GAPs), 3 that regulate its nucleotide-bound state and effector proteins that interact with Ras-GTP to propagate signals through cascades of protein/protein interactions. 4 Due to its involvement in the control of cell proliferation, apoptosis and other critical functions, 5, 6 defects in Ras that result in impairment of GTP hydrolysis are associated with many human cancers, and thus, Ras is a major therapeutic target. 7 However, even though the structure and function of Ras have been studied intensively for nearly 30 years, it has remained elusive as a drug target for the treatment of cancer. The focus on the active site may be a problem due to its inherent flexibility, yet protein/protein interactions in Ras extend to surfaces that have been unexplored. In general, interfaces between protein binding partners have energetically important regions called hot spots that can potentially also interact with small molecules. 8, 9 Here, we use both experimental and computational approaches to locate putative hot spot regions that can provide insight into potentialmolecular interactions beyond the active site.
The canonical view of the "molecular switch" is based on conformational changes that occur primarily in the switch I (residues [30] [31] [32] [33] [34] [35] [36] [37] [38] [39] [40] and switch II (residues 60-76) regions upon hydrolysis of GTP to GDP. 10 This results in loss of affinity for downstream effector proteins and termination of the upstream signal. 11 While this overall picture is certainly correct, it overlooks structural nuances associated with an allosteric switch mechanism that modulates the equilibrium between two distinct conformational states in GTP-bound Ras. 12 One state (denoted here as the "off" state) has an "empty" allosteric site and is characterized by a disordered active site, particularly switch II, which contains the catalytic residue Q61. We proposed previously that this is the dominant form present under solutionconditions used for in vitro hydrolysis rate measurements, explaining the slow rates measured for Ras. 13 The other conformational state (the "on" state), which, in our crystals, has a bound calcium acetate in the allosteric site, shows a shift in helix 3/loop 7 toward helix 4 and an ordered active site, with Q61 placed near the catalytic center. 12 We propose that this is the catalytically active state and that intrinsic hydrolysis is promoted in some instances by an allosteric modulator in the cell that is mimicked by calcium acetate in the crystal. 12 The shift of helix 3 toward helix 4 with an ordered switch II is also found in the complex with RasGAP, which promotes GTP hydrolysis, although the details of the active site differ from those of intrinsic hydrolysis due to the insertion of the arginine finger from RasGAP. 3 An equilibrium between the two conformational states in Ras-GppNHp may provide an explanation to the global conformation dynamics that we previously observed for H-Ras-GppNHp. 14 The complexity of the Ras system is complicated even further by the fact that Ras is tethered to the membrane through posttranslational modifications at its C-terminal hypervariable region 15, 16 and that the nature of the bound nucleotide profoundly affects the Ras/membrane interface. 17, 18 The three isoforms of the human Ras proteins, H-Ras, K-Ras and N-Ras, differ primarily in the sequence of the hypervariable region and in the types of posttranslational modifications that characterize each one. 16 The catalytic domains, or G domains, of the three Ras proteins are highly conserved, with no variation in the N-terminal lobe 1 (residues 1-86) and 90% identity in the C-terminal lobe 2 (residues 87-171). 19 Lobe 1 includes the catalytic machinery containing the active site with switch I, switch II and the P-loop (residues [10] [11] [12] [13] [14] [15] [16] [17] , as well as most of the nucleotide binding pocket. We call this the effector lobe, as it contains the protein/protein interaction sites with effectors. Lobe 2 contains the membrane-interacting portions of Ras, including the allosteric site with residues R97, D107 and Y137 and the allosteric switch components involving helix 3/loop 7, as well as helix 4 that has been shown to form salt bridges with membrane phospholipids in Ras-GTP. 20 We call this the allosteric lobe. The allosteric site is connected to the active site in H-Ras through helix 3 at one edge of the interlobal region and switch II at the other.
The conformational complexity of Ras proteins and the many modes by which it can be modulated may be at the heart of the difficulty to design inhibitors that effectively interfere with its function. To date, there has been little attention given to the fact that distinct conformational states of Ras-GTP may be directly connected to catalytic competency and that remote binding sites on the protein surface could have a dramatic effect in determining the predominant form. Thus, the active site has been the primary target region for inhibitors, and the structural viewpoint has been biased by the canonical crystal form in which Ras was first crystallized. 21, 22, 23 In the present article, we use a combination of multiple solvent crystal structures (MSCS) 24, 25 and computational solvent mapping (FTMap) 8, 26 to identify hot spots of protein/protein interactions for H-RasGppNHp based on groups of crystal structures associated with distinct conformational states. Due to the sensitivity of conformational states to the solvent environment, only the "off" state of the allosteric switch is accessible experimentally by MSCS, and we use FTMap to study two closely related forms of the "on" state. The result is a series of hot spots obtained by partially overlapping and complementary results from MSCS and FTMap, spread through a large area on the surface of Ras-GTP. Each approach emphasizes different properties of the binding regions, and apart from the two strongest hot spots found by both methods, they identify distinct binding pockets on Ras. In essence, the strengths in each of the methods compensate for limitations in the other, resulting in a more complete binding site analysis than if either one were used alone. As we discovered previously, 14 H-Ras-GppNHp experiences global conformational rearrangement on a millisecond timescale. We propose that this serves as a mechanism for allosteric coupling of the remote hot spots uncovered by solvent mapping with the effector interface near the active site. Furthermore, we establish that similar conformational exchange exists in the K isoform of Ras, supporting the idea that allosteric coupling in the G domain is present in all three isoforms of Ras.
Results
The hot spots identified by either MSCS or FTMap are listed in Table 1 . The "off" state, accessible experimentally by MSCS and computationally by FTMap, shows two sites in common, six that appear in MSCS but not in FTMap and four that are present in the FTMap but not in the MSCS results. In addition, there is a single site that appears uniquely in the FTMap of one of two "on" states. Thus, taken together, there is a total of 13 sites analyzed in this work. On state 2: 31  probes  MSCS  3  GOL, DMF, RSF,  GOL (second  molecule)   S17, I21, Q25, H27, V29,  D33, T35, D38,  Y40 + symm (see Table 3 The number of probes reported for FTMap is the sum of probes at that site in the four structures in each set for the off state, "on" state 1 and "on" state 2.
Multiple solvent crystal structures MSCS is a powerful experimental method in determining hot spots of protein/protein or protein/ligand interactions on the surfaces of proteins. 24, 25 It yields a set of many structures of the same protein, each in a different solvent environment. The clustering of organic solvent molecules at a particular site on the superimposed structures has been empirically observed to be indicative of a hot spot for molecular interaction. 25 For each structure, protein crystals are cross-linked in glutaraldehyde and soaked in a high concentration of organic solvent for data collection. The crystals used for the MSCS of Ras-GppNHp had symmetry of the space group R32, with helix 3/loop 7 representing the "off" state of the allosteric switch and a disordered switch II [as in Protein Data Bank (PDB) ID: 2RGE]. 27 Structures were obtained for crystals soaked in 50% 2,2,2-trifluoroethanol (ETF), 50% isopropanol (IPA), 70% glycerol (GOL), 90% R,S,R-bisfuranol (RSF), 20% S,R,S-bisfuranol (RSG), 60% 1,6-hexanediol (HEZ), neat cyclopentanol (YEG), neat hexane (HEX) and 55% dimethylformamide (DMF). Note that the RSF and RSG molecules are enantiomers and that the Ras crystals are highly tolerant of one but not the other, resulting in the vastly different concentrations used for soaks in the two solvents (90% RSF and 20% RSG). The structure of the cross-linked crystal in aqueous solution(XLINK) was solved as a control. Data collection and refinement statistics for the 10 crystal structuresin the MSCS set are presented in Table 2 , and representative electron density for the organic solvents is shown in Fig. 1 . The refined structures were superimposed based on the nucleotide for MSCS analysis. The distinct organic solvent environments do not have a significant effect on the overall conformation of the protein, although some of the solvents tend to promote some degree of order in switch II as previously reported. 28 The overall main-chain root-mean-square deviation (RMSD) within the MSCS set of structures is 0.27 Å. For comparison, the overall main-chain RMSD between representative structures in the "on" state (PDB ID: 3K8Y) and in the "off" state (PDB ID: 2RGD) of the allosteric switch is 0.48 Å. Figure 2 shows the solvent molecule clusters that result after superposition of the structures. The cluster numbering is related to the number of probe molecules in the cluster (Table 1) . Remarkably, most of the clusters are associated with functional sites occupied by one or more of the many protein/protein interaction partners of Ras, although the collective patterns revealed cannot be discerned in the structure of any single complex. The hot spots include two sites on the effector lobe (clusters 3 and 6), one site between helices 3 and 4 in the allosteric lobe (cluster 2) and five sites in the interlobal region where the organic solvents make extensive interactions with residues in both lobes (clusters 1, 4, 5, 7 and 8). The clusters between the effector lobe and the allosteric lobe define an extended solvent-accessible cleft that encircles most of the protein (Fig. 2) . With the use of a 5-Å-cutoff distance for determination of crystal contacts, clusters 2 and 3 are in extensive crystal contacts (Table 3) . Clusters 6 and 8 each make contact with one symmetry-related protein residue, and clusters 1, 4, 5 and 7 are not involved in crystal contacts. There are 12 sites occupied by one organic solvent molecule each, and as expected, they are mostly found in crystal contacts. 25 In general, sites occupied by a single organic solvent molecule in the MSCS set are not considered to be hot spots and are therefore not included in Fig. 2 . Clusters 1 and 2 are the strongest hot spots Cluster 1 found in the interlobal region and cluster 2 in the allosteric lobe are two major sites on either side of helix 3, the central structural element in the conformational changes that connect the "on" state and the "off" state of the allosteric switch in Ras-GppNHp. Cluster 1 is near the active site, between helix 3 and switch II. Binding of a ligand in this cluster is accompanied by a disorder to order transition in switch II. The result is a binding pocket to which R68 from the effector lobe and Y96 from the allosteric lobe are the major contributors. The structures resulting from soaks in neat HEX and YEG and those soaked in 50% ETF and 70% GOL have an ordered switch II, while the cross-linked structure and those soaked in the remaining solvents have switch II disordered to various extents. The ordered structure of switch II in the "off" state differs significantly from that found in the "on" state of the allosteric switch (PDB ID: 3K8Y) and superimposes well on the noncatalytic conformation found for the RasQ61L-GppNHp mutant (PDB ID: 2RGD). 27 Cluster 1 is at the site where importin-β binds the GTP-bound form of the homologous Ran GTPase, stabilizing an identical non-catalytic conformation of switch II (PDB ID: 1IBR). 29 Cluster 2 in the MSCS of the "off" state is found between helix 3 and helix 4 about 15 Å from the allosteric site where calcium acetate binds in the "on" state (PDB ID: 3K8Y). Molecular dynamics simulations and a series of fluorescence resonance energy transfer experiments indicate that this region is near the membrane in the Ras-GTP-bound state. 17, 18 Cluster 4
Cluster 4 is found in the interlobal region at a binding pocket that includes K147, a recently discovered site of ubiquitination on Ras-GTP that results in enhanced affinity for effectors and promotion of downstream signaling. 30 Lysine 147 is in the allosteric lobe and is part of the global correlated dynamics that we observe for Ras-GppNHp.
14 Asp30 in the effector lobe, located just outside the active site, is also part of the cluster 4 binding pocket and may contribute to an allosteric network that communicates signals to the active site of Ras.
Clusters 3, 5, 6, 7 and 8 overlap with sites occupied by Raf-RBD-CRD and RasGAP
The two clusters on the effector lobe, clusters 3 and 6 in our numbering scheme, overlap with effector Ras binding domains (RBD) (cluster 3) and RasGAP (clusters 3 and 6). They are located on either side of switch I (Fig. 2) . Cluster 3 is the location of a hot spot determined experimentally for the interaction with Raf-RBD. 31 As is the case for several of the interactions between Ras and Raf-RBD, many of the organic solvent molecules in cluster 3 interact with the protein indirectly through water molecules, rather than forming direct hydrogen bonds with protein atoms (Fig. 1c) . Two water molecules, WAT304 and WAT310, are completely conserved in the experimental MSCS data sets and mediate hydrogen-bonding interactions with ligands. These water molecules are also present in the Raps/Raf-RBD complex (PDB ID: 1GUA). The site of interaction for the second Ras binding domain of Raf, the cysteine-rich domain (Raf-CRD), overlaps with cluster 7 at the interlobal region. Binding experiments have shown that Ras mutants N26G and V45E, two residues in the cluster 7 site, fail to bind Raf-CRD. 32 Clusters 3 and 6 comprise two of four clusters that overlap with the RasGAP binding surface. The other two, clusters 5 and 8, are in the interlobal region. The locations of these clusters are consistent with subsites within a protein/protein interaction site that encompasses the switch regions and extend communication from there to the allosteric lobe of Ras-GppNHp. Superposition of the Ras/RasGAP complex (PDB ID: 1WQ1) onto the MSCS structures shows that RasGAP residue K949 interacts within the site delineated by cluster 3 in very much the same way as does K84 of Raf-RBD. 31 RasGAP residues A790, T785 and T786 all superimpose within 1.0 Å of an organic solvent molecule in clusters 5, 6 and 8, respectively. RasGAP A790 hydrogen bonds to Ras residues G12 and K88 within the cluster 5 binding pocket, bridging the P-loop in the effector lobe to the Nterminal portion of helix 3 in the allosteric lobe. T785 makes a hydrogen bond to one of the ribose oxygen atoms of the nucleotide that forms the cluster 6 pocket, and T786 bridges K117 in the allosteric lobe to the other ribose oxygen atom in the effector lobe within the cluster 8 binding site. These interactions appear to serve as anchor points for placing the arginine finger, RasGAP residue R789, in the catalytic center to accelerate the hydrolysis of GTP to GDP, while positioned to turn "on" the allosteric switch, with helix 3/loop 7 shifting toward helix 4 to make room for proper ordering of switch II for catalysis.
Computational solvent mapping (FTMap)
In order to understand the consequences of the allosteric switch on the binding surface of Ras-GppNHp, we use computational solvent mapping, FTMap, to compare hot spots between structures in the "on" and "off" states. 8, 33 The method uses small organic molecules containing various functional groups as molecular probes. The probes are placed on a dense grid around the protein surface, and a fast Fourier transform correlation algorithm evaluates the energies for billions of conformations. The lowenergy positions are clustered, and the clusters are ranked on the basis of average free energy. 8 The positions at which several low-energy clusters overlap are defined as consensus sites. It was shown that the large consensus sites are at hot spots important for molecular interactions. The parameters of the FTMap algorithm were selected to find only the sites that are likely to be druggable, that is, can bind drug-sized ligands with micromolar or higher affinity. 34 This implies that FTMap generally does not detect relatively weak sites identified in the MSCS experiments as binding fewer solvent molecules or those binding solvents indirectly through water molecules. In spite of these differences with respect to MSCS, FTMap is ideal for comparing the "on" and "off" states of the allosteric switch in Ras-GppNHp, since the differences in the number of probe clusters that bind to a particular site highlight even very small conformational changes if those affect the size or surface properties of the pocket. 26 Three groups of Ras structures bound to GTP analogues are used in our FTMap comparisons (Table 4) . The first group represents the "off" state of the allosteric switch. Note the inclusion of K-Ras-GppNHp (PDB ID: 3GFT) in this group. For the "on" state, we have two groups of structures taken from the PDB in which switch I conformations are associated with states 1 and 2 for Ras-GppNHp observed by 31 P NMR experiments. 35, 36 State 1 is associated with a slower intrinsic hydrolysis rate and represents many different switch I conformations where Y32 is away from the nucleotide. This includes the conformation found for Y32 in the Ras/RasGAP complex. State 2 represents the catalytic switch I conformation for intrinsic hydrolysis with Y32 closed over the nucleotide. 36 This switch I conformation is found in the Raps/Raf-RBD complex. 31 It is important to point out that these conformations of switch I do not necessarily imply the "on" or "off" state of the allosteric switch, which is determined by the position of helix 3/loop 7. For example, our structure of Ras-GppNHp in the presence of calcium chloride (PDB ID: 2RGE) represents state 2 in terms of its switch I conformation but is in the "off" state of the allosteric switch with a disordered switch II. In the presence of calcium acetate (PDB ID: 3K8Y), the conformation of switch I is still in state 2, but now, the allosteric switch is "on" with switch II ordered for catalysis. Conversely, Ras in the RasGAP complex is in state 1, which is unfavorable for intrinsic hydrolysis, yet the allosteric switch is "on", and switch II is ordered, poised for the GAP-enhanced hydrolysis reaction. We call the two "on" state groups in the present study "on" state 1 and "on" state 2. The "on" state 1 has switch I residue Y32 in an open conformation as found in the complex with RasGAP. The "on" state 2 has switch I residue Y32 closed over the nucleotide as seen in the complex with Raf-RBD. FTMap results for the "off" state of the allosteric switch All four structures in the "off" state group resulted in FTMaps with similar cluster locations, including KRas, which behaves similar to H-Ras in terms of hot spots. The major difference is a small shift in cluster 1 due to the presence of histidine in K-Ras in place of glutamine at residue 95 in H-Ras. The similarity between H-Ras and K-Ras in terms of surface hot spots associated with the "off" state supports the idea that the Ras isoforms make similar interactions involving the G domain. Figure 3 shows a representative FTMap of the "off" state superimposed on the MSCS experimental results. There are two significant overlaps between experimental and computational clusters. The first is between helix 3 and switch II, corresponding to MSCS cluster 1 near the active site. The geometric centers of the MSCS and FTMap clusters at this site are 2.1 Å apart, with a significant overlap in the protein residues with which the probe molecules in the two sets interact. The second overlapping site between MSCS and FTMap is between helix 3 and helix 4, MSCS cluster 2. The respective centers of geometries are 4.8 Å apart, but again, the probe molecules in each set interact with some protein residues in common. This cluster in the MSCS set is wedged between crystal contacts, which might partially explain the larger shift seen in the geometric centers of the MSCS versus FTMap clusters. There are four clusters in the FTMap of Ras-GppNHp in the "off" state that do not appear in the experimental solvent mapping (Table 1 and Fig. 3 ). The first two are found between helix 4 and helix 5 at positions where there are extensive crystal contacts between adjacent Ras molecules in the crystal form used for the MSCS experiments, making the sites inaccessible for solvent mapping. These sites are likely of biological significance as protein/membrane interaction sites. One includes R128 and the other R135 on helix 4 of the allosteric lobe (referred to as R128 and R135 sites, respectively), both residues shown to interact directly with the membrane in molecular dynamics simulations supported by cell biology experiments. 17, 18 A third site is located in a pocket where L56 from β-strand 3 and Y71 from switch II provide the major interactions with molecules in the cluster (referred to as the Y71 site). There are no crystal contacts surrounding this site, and thus, it was available in the crystal for solvent binding. However, even though switch II was built into the models used for computational solvent mapping, the electron densities used to build the models show discontinuities associated with disorder, as is typical for this region. Therefore, it is not surprising that organic solvent molecules did not appear at this site in the experimental data set.
The fourth site present in FTMap but not in MSCS is the allosteric site, the region where calcium acetate stabilizes the "on" state of the allosteric switch in our previously published structure with PDB ID: 3K8Y. This is the strongest hot spot in the FTMap calculations of Ras-GppNHp structures with the allosteric switch in the "off" state. Probe molecules in this site hydrogen bond to R97 and are in van der Waals' contact with P110. This site is well hydrated in the crystal structures and devoid of crystal contacts. It is thus available for binding organic solvent molecules in the MSCS experiments. Experimentally, the situation in this pocket is complex. The side chain of His166 partially overlaps with the FTMap cluster in three out of the ten MSCS structures. However, the three H-Ras structures that were used in the computational work all have His166 out of the way. In the seven MSCS structures where the allosteric site is not occluded, there are three water molecules, two of which completely overlap with the FTMap probes in this site. These two water molecules are displaced by His166 in the structures where the site is occluded. The third water molecule, Wat320, is about 2 Å from the probes and is absolutely conserved not only in the MSCS structures but also in all H-Ras structures solved to better than 2 Å resolution. It is also present in the one structure available for K-Ras, although it was not included in the associated model with PDB ID: 3GFT (Fig. 4) . We propose that Wat320 is a structural water molecule that is unlikely to be displaced by ligand, unless its interactions with the protein are mimicked. 37 Its absence in the FTMap calculations may have contributed to the discrepancy between experimental and computational solvent mapping results. Fig. 4 . Conserved water molecule Wat320 near the allosteric site. Protein atoms from Ras-GppNHp soaked in 50% ETF is shown in light gray with Wat320 from that model included as a dark sphere. The published model for K-Ras-GppNHp (PDB ID: 3GFT) is superimposed in dark gray. Wat320 is not present in this model, but electron density from a Fo − Fc map contoured at 3 σ calculated using the 3GFT model and associated structure factors downloaded from the PDB show clearly that Wat320 is indeed present in K-Ras-GppNHp. Wat320 makes good hydrogen bonds (broken lines) with the backbone amide and carbonyl groups of M111 and with the side chain of E162 in both isoforms. His166 is turned away from the hot spots identified by FTMap in both models.
Comparing FTMap results for the "off" and "on" states of the allosteric switch
Comparison of the computational solvent mapping results of Ras-GppNHp in the "off" state with "on" states 1 and 2 is shown in Fig. 5 . The numbers of molecular probes found at each site derived from the four models in the three groups are in Table 1 . Of the six clusters already discussed for the "off" state, three are present in all groups of FTMaps. The allosteric site, which is the strongest cluster in the "off" state, has fewer probes in both "on" states 1 and 2. The position of loop 7 shifted toward helix 4 in the "on" states contributes to making this a smaller pocket. The R128 site between helix 4 and helix 5 and the site between helix 3 and helix 4 corresponding to MSCS cluster 2 are the second and third sites in common to the three groups of FTMaps. Both have similar numbers of probe molecules in the "off" state and in the "on" state 1, but fewer in "on" state 2. The remaining three sites found in the "off" state are present in one but not both of the "on" states. The R135 site between helix 4 and helix 5 on the allosteric lobe is absent from the "on" state 1 set. The cluster 1 and Y71 sites are inversely populated in the "on" states 1 and 2. The cluster 1 site is the site with the most number of probes in the "on" state 1. The switch regions in this set of structures are further from the nucleotide giving way to a prominent cluster 1 pocket in a location similar to that observed in the "off" state. The increase in the cluster 1 site is at the expense of the Y71 site on the opposite side of switch II, which is absent in the "on" state 1 set. Conversely, as switch II is closer to the nucleotide and helix 3 in the "on" state 2, the Y71 site is increased significantly relative to its presence in the "off" state and is the most highly populated site in the "on" state 2 set. This is at the expense of the cluster 1 site, which is absent in the "on" state 2 due to the positioning of R68 into the cluster 1 binding pocket.
There is one additional site in the "on" state 2 that is not present in either the "off" state or the "on" state 1. It is found on the opposite side of loop 7 relative to the allosteric site, with I163 forming the base of the pocket (referred to as the loop 7 site) (Fig. 5) . As loop 7 is found closer to helix 4 in the "on" state 2, a pocket where steric hindrance would occur in the other two sets is formed. Not surprisingly, the site is not present in our MSCS experiments where we solvent mapped the "off" state.
NMR analysis of conformational dynamics in Ras
The analysis of protein surface described above identified multiple hot spots throughout H-Ras-GppNHp involving the effector and allosteric lobes, as well as the interlobal region that connects them. Using spinrelaxation NMR experiments, we demonstrated previously that a major part of the G domain of H-Ras undergoes correlated motion on the millisecond timescale. 14 We hypothesize that the global dynamics is a manifestation of allosteric coupling between the two lobes through the conformational switch mechanism identified by X-ray diffraction. 12 Our FTMap calculations identified hot spots on the binding surface of K-Ras-GppNHp, which is a drug target of immense importance. 38 These hot spots are the same as those identified for H-Ras-GppNHp in a similar conformational substate, suggesting that the analysis presented here for H-Ras applies to K-Ras as well. To determine whether the global conformational dynamics and possible allosteric linkage between the lobes are also present in the K isoform, we performed 15 N spin-relaxation dispersion NMR measurements 39 on 15 N-labeled K-Ras-GppNHp (residues 1-171). Values of the transverse relaxation rate constant R2 for experiments with different Carr-Purcell-Meiboom-Gill (CPMG) frequencies were determined as described previously.
14 Figure  6 demonstrates strong dependence of the R2 values on CPMG frequency observed for amide nitrogen spins in KRas-GppNHp, characteristic of an exchange process occurring on a microsecond-millisecond timescale. 40 Data for residues K88 and L159 are shown as internal control-representative of residues that do not experience millisecond dynamics. The residues with quantifiable relaxation dispersions (V8, V9, N26, L79, T87, F90, D92, I93, H94, H95, K101, R102, V112 and R149) were fit with the two-state exchange model as described in Materials and Methods (Fig. 7a) . Despite the fact that the residues are distributed throughout the entire sequence, the exchange rate constants for a number of residues cluster in a relatively narrow range supporting the hypothesis of a global conformational rearrangement. The Monte Carlo analysis of global fitting results yielded the following exchange parameters shown here as the maximum of the best-fit value distribution and its 2. Figure 7b shows the spatial distribution of these dynamic residues in a structural model of the G domain of K-Ras. This is indeed very similar dynamics to those we previously published for H-Ras. Mapping of dynamic residues on the molecular model of K-Ras-GppNHp (PDB ID: 3GFT). The GTP analogue GppNHp is shown as green sticks, and the magnesium ion is shown as a yellow sphere. Amide nitrogen atoms of the residues involved in global conformational dynamics are shown as red spheres. Helices and switch regions are labeled. Blue indicates residues, which amide signals were not detected or assigned. The orientation of the molecule is the same as in Fig. 5a .
Discussion
Previous structure analysis of Ras-GppNHp has focused primarily on the active site containing switch I, switch II and the P-loop that surround the phosphate groups of the nucleotide. This part of the molecule contains most sites of oncogenic mutations and is within the effector lobe with which proteins interact to activate signal transduction in the cell. The complexes between Ras and effectors such as Raf, 31 phosphoinositide 3-kinase 41 and RalGDS 42 show that they interact through the effector lobe, which, according to results of molecular dynamics simulations of full-length Ras-GTP in the membrane, 18 is oriented toward the cytoplasm. Conversely, the Ras-GTP surface that interacts with the membrane, including the allosteric site, is completely within the allosteric lobe. The regulator proteins such as SOS (son of sevenless) and RasGAP, however, interact both at the effector lobe and at the interface between the two lobes. While GAPs interact with Ras-GTP to promote GTP hydrolysis by insertion of the arginine finger into the active site to stabilize the transition state in the hydrolysisreaction as originally reported, 3 it also promotes a shift in helix 3 to the "on" state, facilitating the placement of switch II residues in the active site for catalysis. This is accomplished by the interaction of GAP residues within binding pockets at the interlobal region mapped in our MSCS experiments of the "off" state. This latter effect had not previously been noted, primarily because the canonical crystal structure of Ras-GppNHp available at the time, exemplified by PDB ID: 1CTQ, had a similar "on" state conformation as seen in the Ras/RasGAP complex. The "off" state for the wild-type H-Ras-GppNHp was first observed in our more recent structure obtained from a different crystal form, PDB ID: 2RGE. We hypothesize that, in the absence of GAPs or an activator of the allosteric switch, the "off" state of Ras-GTP is the major conformer in the cell. Presumably, the "off" state of the unligated Ras-GTP can recognize the GAP protein, and upon binding, the shift to the "on" state 1 occurs to promote GAP-catalyzed hydrolysis. In the case of intrinsic hydrolysis in the presence of Raf, we propose that Ca 2+ and a yet undetermined negatively charged ligand associated with the membrane bind at the allosteric site. This would promote the shift in helix 3/loop 7 that allows placement of switch II residues for catalysisassociated with the "on" state 2.
12 Thus, in both GAPcatalyzed and intrinsic hydrolyses in the presence of Raf, the helix 3/loop 7 shifts away from the effector lobe, making room for switch II to adopt an ordered conformation for catalysis.
In the present work, we have combined two powerful and complementary methods for identifying binding site hot spots on the surface of Ras in its GTP-bound state. MSCS identified eight clusters, two of which are in the effector lobe (clusters 3 and 6), one in the allosteric lobe (cluster 2) and the remaining five, the majority, are in the interlobal region (clusters 1, 4, 5, 7 and 8). Only clusters 1 and 2, the strongest MSCS hot spots, were also present in the FTMap of the "off" state. Cluster 3 represents a hot spot for Ras binding domains such as the Raf-RBD, but targeting this site would be challenging due to its highly polar nature and the flexibility of the nearby switch I region in solution. Nonetheless, any attempt would benefit from the inclusion of the conserved water molecules as part of the protein template or a requirement that the ligand mimic the conserved water interactions with the protein. FTMap does not identify cluster 3, perhaps due to the fact that conserved water molecules were not included in the calculations. Also, it is in extensive crystal contacts between two Ras molecules in the crystal, whereas the FTMap only considered one molecule in the calculations. However, this is also the case for cluster 2, which FTMap picked up as a significant site.
MSCS clusters 4, 5, 6, 7 and 8 appear to be weaker hot spots with only two bound organic solventmolecules each in the MSCS data set. It is therefore not surprising that they do not appear in the FTMap calculations finding strong hot spots that are likely to be druggable. 33 With the exception of cluster 6, these clusters are found in the interlobal region and are sites of interaction with protein binding partners of Ras. Interestingly, several are occupied simultaneously with one of the stronger hot spots (e.g., 3 and 7 in the case of Raf-RBD-CRD and 3, 5, 6 and 8 in the case of RasGAP). These weaker hot spots at the interlobal region provide valuable information because although they are unlikely to be good targets as individual sites, they could be targeted as a group or could be used in conjunction with one of the stronger sites in ligand design. What MSCS provides here is the location of hot spots at protein/protein interfaces, such as that of Ras/RasGAP, which might effectively be targeted by relatively small molecules. The interlobal region is particularly interesting in that the hot spots are close together and that ligand binding to multiple sites might be possible to shift the population equilibrium to the "on" state. This would be expected to facilitate hydrolysis of GTP, even in the context of a complex such as Ras/Raf, as effector binding sites are limited to the effector domain, leaving the interlobal sites largely unoccupied.
The FTMap calculations identified hot spots primarily on the allosteric lobe. Of the seven clusters identified by FTMap, only one is in the effector lobe (the Y71 site), and one is in the interlobal region (overlapping with MSCS cluster 1). These two sites are on either side of the highly flexible switch II, and for this reason, it may be difficult to target the "on" states selectively. For example, although one might reason that ligand binding at the cluster 1 site could promote a GAP-bound-like conformation of the "on" state based on the fact that it is the strongest FTMap cluster in the "on" state 1, our MSCS experiments show that organic solvents binding at this site appear to stabilize the "off" state with switch II in an anti-catalytic conformation.
The other five FTMap clusters are entirely within the allosteric lobe. The R128 and R135 sites between helix 4 and helix 5 have been established experimentally as important sites of protein/membrane interactions and, thus, could be targeted to interfere with signaling through this venue. The site between helix 3 and helix 4 (MSCS cluster 2) is also near the membrane and could be targeted in a similar way. The remaining two clusters identified by FTMap are near the allosteric site, on either side of loop 7. The allosteric site is highly polar and will be challenging to target, but any attempt should take into account the conserved water molecule found at this site. The loop 7 site appears only in the "on" state 2 and might be an interesting site to consider. Other than the loop 7 site, hot spots on the allosteric lobe appear both in the "off" and in at least one, if not both, "on" state. This is perhaps not surprising, given that the Ras interactions with the membrane are dependent on the state of the nucleotide rather than on conformational substates, with extensive interactions in Ras-GTP and less so in Ras-GDP. 18 The highly dynamic nature of the effector lobe, particularly switch I and switch II, makes this region the least likely for successful ligand design. The extent of dynamics may be appreciated in Fig. 7b where blue coloring indicates extreme broadening of amide signals from residues in the effector lobe due to extensive conformational exchange. The residues affected less are shown as red spheres-they were amenable to quantitative measurements of spin relaxation. These residues collectively report on a correlated conformational exchange process, most likely, originating from the exchange-broadened effector lobe and penetrating deep into the G domain.
The effector lobe, traditionally, has been the major area of focus for targeting Ras; therefore, it is not surprising that results have been elusive. In this work, we identified novel hot spots in the allosteric lobe, which look very promising as targets for disrupting the Ras interactions with the membrane and effector proteins. These include the cluster 2 site between helix 3 and helix 4 and the R128 and R135 sites between helix 4 and helix 5 identified by FTMap, in addition to the allosteric site near loop 7 discovered previously. 12 The conformational exchange in the effector lobe extends deep into the structure of the G domain reaching cluster 2 and the allosteric site, indicating that these remote hot spots might be involved in allosteric regulation of the effector lobe or might be used for inhibition of its functions. The observation of global conformation exchange in K-Ras-GppNHp that is highly similar to exchange dynamics in H-Ras 14 also enables a hypothesis that all isoforms of Ras and perhaps other small monomeric G proteins may possess this feature. The future NMR and X-ray diffraction analyses of conformational diversity in Ras and related GTPases under variable conditions will reveal further details of conformational switching mechanism in the GTP-bound G domains and its functional significance.
Materials and Methods
Multiple solvent crystal structures H-Ras residues 1-166 were expressed in Escherichia coli BL21 cells and purified in the GDP-bound form as previously described. 28 The GDP was exchanged to GppNHp, and the protein was crystallized in 200 mM CaCl2 and 20% polyethylene glycol 3350 as previously published. 27 Cross-linking and soaking in organic solvents H-Ras-GppNHp crystals were transferred to 9-well sitting-drop glass plates containing 50 μL of stabilization buffer [20 mM Hepes (pH 7.5), 50 mM NaCl, 5 mM MgCl2, 1 mM DTT, 200 mM CaCl2 and 25% polyethylene glycol 3350]. The buffer was exchanged at least three times and then exchanged again with stabilization buffer containing 1% glutaraldehyde. The cross-linking reaction was allowed to proceed for 30 min to 1 h before a new exchange into stabilization buffer to remove the unreacted glutaraldehyde. Crystals were then soaked in the organic solvents at concentrations specified in Results.
Data collection and structure refinement Synchrotron data were collected on the Southeast Regional Collaborative Access Team 22-ID beamline at the Advanced Photon Source (Argonne National Laboratories) with an X-ray wavelength of 1.0 Å and a MAR CCD detector. The protein coordinates taken from PDB ID: 2RGE were used for phasing in each case. The program CNS was used for reciprocal space refinement with 10% of the unique reflections set aside for calculation of Rfree. 43 Coot 44 was used for visualization of electron densitymaps. Organic solvent molecules were added to the models after refinement of crystallographic water molecules and were validated as previously described. 24, 28 Coordinates, topology and parameter files for the solvent molecules were taken from previous publications. 24, 25 The last round of refinement for each of the models was performed with PHENIX 45 using the same Rwork and Rfree reflection sets as used in CNS. The organic solvent molecules were numbered in the PDB according to their binding site, so that all molecules in a given cluster in the superimposed MSCS structures have the same residue number.
FTMap calculations
The general strategy used in the FTMap calculations is summarized in Results. The details of the method were as previously published. 8 
NMR experiments
The gene for full-length K-Ras was provided by Professor Carol Williams at the Medical College of Wisconsin. The truncated version was obtained by inserting a stop codon after residue 171 (QuikChange II Kit; Stratagene). The gene was then inserted into a pET vector (Novagen) and sequenced. The untagged truncated KRas protein was expressed, refolded and purified as described previously for H-Ras. 14 The protein yield was ∼ 5 mg per 1 L of synthetic MJ medium. The protein was concentrated to 0.8-1.2 mM and exchanged to a buffer containing 20 mM Tris (pH 7.2), 10 mM NaCl, 5 mM MgCl2, 5 mM DTT and 0.01% NaN3 for NMR data collection.
NMR signal assignment of K-Ras-GppNHp was performed at pH 5.9 with resulting assignments transferred to pH 7.2 for relaxation studies. 13 C- 15 N protein samples at a concentration of 0.6 mM were prepared in a buffer containing 200 mM sodium phosphate at pH 5.9, 10 mM MgCl2, 1 mM DTT, 1 mM GppNHp, 0.01% NaN3 and 10% D2O in a thin-walled Shigemi tube with the final volume of 330 μL. Tripleresonance experiments were performed at 298.15 K on a Bruker Avance II spectrometer equipped with a cryoprobe at the field strength of 14.1 T. Backbone experiments included HNCO, HN(CA)CO, HN(CO)CA, HN(CO)CACB, HNCA and HNCACB with small modifications. 46 Spectra were processed with NMRPipe and viewed with Sparky †. 47 The PINE (Probabilistic Interaction Network of Evidence) algorithm was used with PINE-SPARKY to automate and import assignments into Sparky. 48 
Relaxation dispersion measurements
The CPMG spin-relaxation measurements of transverse relaxation constants of the amide 15 N nucleus were performed for K-Ras-GppNHp using a procedure similar to that described for H-Ras-GppNHp. 14 The relaxation-compensated CPMG (rcCPMG) experiments 39 modified for off-resonance artifact suppression as previously described 51 were carried out at two static magnetic field strengths of 11.7 T and 14.1 T using Bruker Avance II and Avance III instruments equipped with cryoprobes. Relaxation dispersions of 15 N-1 H K-Ras, residues 1-171, were recorded at 20 °C, pH 7.2 (the sample buffer contained 10 mM NaCl, 10 mM Tris, 5 mM MgCl2, 1 mM DTT and 0.01% NaN3). The K-Ras (1-171) was complexed with GTP mimic GppNHp. The samples also contained 1 mM GppNHp for sample stability.
To assure accuracy of the CPMG measurements, we performed a series of control experiments to test the effect of fast pulse rates on the cryoprobe performance. The CPMG periods in the pulse sequenceused lower power than the rest of the pulse program with 15 N 90° refocusing pulses calibrated to 100 μs or 50 μs (while the high-power 90° pulse length was 34.5 μs).
First, we measured the variation of the sample temperature at the practical durations of the CPMG pulse train. The NEOPTIX fiber optics sensor was inserted in the sample tube containing the working buffer, and rcCPMG experiment was initiated. During the pulse program operation, the steady-statetemperature of the sample was observed and did not increase beyond 0.1 °C (accuracy of the sensor) from the idle state at both power levels.
Second, we determined whether the radio frequency power applied to the probe coils changed its steady-state performance. The duty cycle compensation was implemented as previously described, 52 and the effect of rcCPMG experiment on a steady-state temperature of the cryogenic probe coils was recorded. The strategy of this measurement was based on understanding that the steady-state temperature of the cryogenic coils is maintained at 25 K by continuously cooling the coils in a probe head by a helium gas chilled below 25 K in a cryoplatform. Helium gas temperature is adjusted to a set point of 25 K by a regulated feedback-driven heater. When coil temperature rises, the temperature controller reduces current in the heater, thus reducing temperature of the helium gas coming to the probe head to balance the heating effect of the experiment. The Bruker "NMR Heat" parameter reflects this current, and in all cases, we did not see a drop bigger than 10% of initial value with most of the effect attributed not to the application of CPMG pulse trains but to a routine 15 N decoupling during a detection period. Third, we assessed the degree of transient, short-term detuning of the cryogenic probe coils during the CPMG pulse train at highest (555 and 1110 Hz) CPMG frequencies. Even in the presence of a stream of cold helium, one might expect a fast rise of coil temperature during the pulse train followed by a fast drop afterwards, which would not be compensated by a relatively slow-feedback-driven temperature control. To assess an impact of this effect on the coil tuning, we carried out calibration of the 90° pulse length before and immediately after the CPMG pulse train (by using switchable 270° pulses prior and after the CPMG period). We did not observe any measurable detuning of the Bruker Cryoprobe due to the application of the CPMG pulse trains of up to 30 ms long. These results indicated that cryoprobe head is capable of maintaining its temperature very efficiently during rcCPMG experiments.
Relaxation dispersion analysis
Fitting of the relaxation dispersion profiles was performed using software programs CPMG_FITD8 (Dr. Dmitry Korzhnev) and BiophysicsLab (created in-house). Data were analyzed with a two-state model utilizing the all-timescale analytical solution, 53 all-timescale solution for skewed populations (pA > 0.87)for a fast-exchange approximation. 55 Fitting of experimental R2 data yielded values of the exchange rate constants (kex), chemical shift difference between the exchanging conformations (Dω) and populations of states (pA and pB) for every resolved peak of sufficient dispersion of R2 values. Interdependence of fitting parameters (correlation) was assessed via a covariation matrix computed by CPMG_FITD8 and directly by Monte Carlo simulations in BiophysicsLab. Analysis of Rex dependence on static magnetic field 56 combined with comparative analysis of fitting with multiple equations established fast-intermediate exchange regime for most residues. Monte Carlo analysis with BiophysicsLab resulted in families of fitting results enabling calculations of asymmetric confidence intervals. All data sets were analyzed individually and then globally to determine the consensus exchange parameters.
Accession numbers
Coordinates and structure factors for the 10 MSCS models of Ras-GppNHp were deposited in the PDB with the following PDB IDs (also given in Table 2 ): cross-linked in aqueous solution, 3RRY; soaked in 50% ETF, 3RS2; soaked in 50% IPA, 3RS7; soaked in 70% GOL, 3RRZ; soaked in 90% RSF, 3RSL; soaked in 20% RSG, 3RSO; soaked in 60% HEZ, 3RS4; soaked in neat YEG, 3RS0; soaked in neat HEX, 3RS3; soaked in 55% DMF, 3RS5. 
